Data from the Study of the Tsunami Aftermath and Recovery are used to examine longerterm mortality among adults aged 35+ in Aceh, Indonesia, who were exposed to the 2004 Indian Ocean tsunami which killed 5% of the population. Mortality at the time of the tsunami is contrasted with mortality in the following 5 years. Mortality at the tsunami is higher for females and older adults (who are weaker than prime-age males) but a risk index based on topography, wave direction and wave height, is the strongest predictor of mortality. Surviving males who lived in higher risk areas and surviving females who lost kin, friends, or neighbors in the tsunami are more likely to be alive 5 years later, indicating evidence of harvesting. Individual-specific exposure to the trauma of the tsunami does not predict 5-year survival although displaced females and males in communities that did not recover post-tsunami had higher mortality.
This research makes several contributions to the literature. First, there are very few studies of mortality over the longer-term in the aftermath of a large-scale natural or human disaster. Most existing studies have examined only immediate and short-term impacts. 7, 8, 9, 10 Second, few studies are based on survey data that is representative of the pre-disaster population, provides high quality measures of disaster-related exposures, and includes measures of subsequent local area recovery. Many studies use small, selected samples that are not representative of the pre-disaster populations, which is problematic given the high rates of displacement and outmigration that frequently occur as a result of natural disasters. 11, 12, 13, 14, 15 Opportunistic samples may be contaminated by nonrandom selection reflecting differences in access to resources, capabilities, and opportunities, which also pattern the experience of and recovery from natural disasters. 10, 16, 17 These contributions are made possible by the use of uniquely rich data, the Study of the Tsunami Aftermath and Recovery (STAR), a longitudinal survey that is representative of all individuals living in kabupaten (districts) along the coast of Aceh at the time of the baseline which was conducted 9-10 months prior to the Indian Ocean tsunami on December 26, 2004 . We use the baseline in combination with 5 annual follow-up surveys of all survivors. Those surveys include detailed questions regarding individuals' experiences during the tsunami and community recovery after the tsunami.
METHODS
Baseline data are drawn from the SUSENAS, a nationally-representative socio-economic survey conducted by Statistics Indonesia in February and March 2004. Our efforts to identify and track survivors were highly successful: over 95% of survivors have been interviewed at least once since the tsunami. 18 The baseline provides extensive information on demographic and socioeconomic characteristics of the population. The first follow-up, conducted between May 2005 and June 2006, sought to identify every baseline respondent who died and also re-interview every surviving respondent. That survey and four additional annual follow-ups collected detailed information on respondents' experiences at the time of the tsunami, behavioral responses to the destruction caused by the tsunami, living arrangements, displacement and socio-economic well-
being. An integrated community-level survey measured the impact of the tsunami and subsequent recovery on infrastructure and transportation, economic activity, local markets and access to health and education services.
We focus on respondents age 35 and older at the time of the tsunami because there were very few deaths among younger respondents during the ensuing 5 years. Of the 6,749 ageeligible baseline respondents, enormous effort was expended identifying those who died in the tsunami and vital status was determined for over 99%. 667 died during the tsunami and 97 died between the tsunami and the first follow-up. Over 97% of respondents were interviewed at least once after the tsunami. The pre-tsunami baseline sample consisted of 6,687 individuals, and the post-tsunami survivor sample consisted of 5,640 individuals.
All predictors are constructed from the pre-tsunami baseline or first post-tsunami survey.
Respondents' vital status was determined from reports from household members or informed neighbors and community members.
We begin by examining mortality during the tsunami itself. In this disaster geographic features of the coastline played a major role in shaping both loss of life and physical destruction. Accordingly, in the first set of models, we include a community-level measure of geographic exposure (high, medium, and low), defined by a combination of elevation, proximity to the coastline, and tsunami wave height at the closest coast point. We also include individual-level background characteristics: 5-year age group, education, whether the respondent was married, urban/rural residence, and log per capita household expenditures (which proxies for household economic well-being).
We then turn to mortality over the five years after the tsunami, asking whether, for tsunami survivors, geographic exposure at the community level has the power to shape mortality over the next five years (these models also include individual background characteristics).
Geographic exposure provides only a rough indicator of what happened to survivors during and after the event. In the third set of models we added detailed measures of individual experiences and of community resilience and recovery in the period before the first STAR follow-up survey. We considered 6 individual-level exposures incurred at the time of the tsunami. The first was a binary variable indicating whether the respondent had experienced any of 6 traumatic events: (1) sustaining injuries (2) struggling in the water, (3) seeing family members struggle, (4) seeing family members disappear, (5) seeing friends struggle, and (6) seeing friends disappear. Three exposure indicators pertained to deaths in the tsunami of others: a spouse; other close kin (a parent, sibling, or child); or friends, neighbors, or other family.
Additionally, we include measures of whether respondents lost their home and whether they were displaced as a result of the tsunami. We assessed the role of initial community recovery using two community-level variables. One measures whether construction emerged as one of the top 3 industries in the community after the tsunami (capturing pace of recovery efforts). The other is an index capturing the strength of community-level institutions after the tsunami (its range is 1 to 26, higher levels indicate more active community-level institutions).
To model mortality we estimated linear probability models where the binary outcome measure was either whether the individual died during the tsunami or, for survivors, whether the individual died during the 5-year follow up period. The coefficients from these models were multiplied by 100 and are interpreted as percent changes. All models were stratified by gender.
Estimates of variances and covariances took into account clustering of the sample and arbitrary forms of heteroskedasticity. We also estimated discrete-time survival models; the results from those models were highly similar to those presented in this paper.
RESULTS

Mortality at the Tsunami and 5 Years After
The first question we address is how mortality outcomes vary as a function of geographic exposure at the community level ( Figure 1 ). Over a quarter (25.5%) of those living in high exposure areas died during the tsunami, while less than 6% died in the medium and low exposure areas. The high levels of death are evidence of the extreme conditions to which individuals in communities exposed to the tsunami's force were subjected. Does exposure to these conditions convey elevated risks of death during the next five years? Or are the survivors from high exposure areas particularly robust, exhibiting a continued survival advantage? As depicted in Figure 1 , mortality levels over the next five years are almost identical across exposure designations.
[Figure 1 about here]
We next examine mortality patterns across by age, gender, and exposure (Table 1) .
Among those from high exposure communities, mortality at the time of the tsunami was markedly higher for females than for males and also for older than for younger age groups among males. At lower levels of exposure some gender differences remain, but the age differences reverse. Older individuals are actually less likely to perish than younger ones, probably because of age differences in mobility (among individuals residing in lower exposure areas, younger ones may have been more likely to be close to the coast on the morning of the tsunami). Turning to panel B, mortality in the five years after the tsunami, age emerges as a far more important determinant of survival. The ratio of mortality among those aged 55+ relative to those aged 35-54 ranged from 0.6 to 1.5 during the tsunami compared to 3.0 to 6.2 in the first 5 years after the tsunami. Additionally, females have consistently lower mortality than males.
Under normal conditions, mortality is strongly graded by age and females experience a survival advantage. In contrast to the demographically atypical mortality patterns observed during the tsunami, we find that mortality among survivors returned to approximately normal age and gender patterns in the first 5 years after the tsunami.
[ Table 1 about here]
Summary Statistics
Descriptive statistics are presented in Table 2 . Among the pre-tsunami baseline sample, about one-third lived in high exposure communities at the time of the tsunami, about one-quarter in medium exposure communities, and the remainder in low exposure communities. After the tsunami the share in the high exposure communities falls as a result of the higher mortality rates in these areas during the tsunami.
[ Table 2 about here]
Tsunami survivors experienced a range of stressors as a result of the disaster. Generally, rates are higher for males than females as a result of differential survival. About one in six lost close kin (a parent, child, or sibling), and more than half lost more distant family, friends, or neighbors during the tsunami. Displacement or loss of a home occurred for over a quarter.
The tsunami was followed by enormous efforts first to provide humanitarian aid, and later to rebuild destroyed homes and infrastructure. The pace of program roll-out varied across the province, as did the degree to which communities were able to maintain or restart governance and development activities. By the first STAR resurvey, 5% and 3% of male and female survivors, respectively, lived in communities were construction had become an important industry. The strength of community institutions in the aftermath of the tsunami was fairly similar by gender.
The average age of respondents was around 50. Males had roughly 7.5 years of education compared to about 6.0 years among females, on average, and males were more likely to be married than females at the time of the tsunami (95-96% vs. 69-70%). Just under 30% of the sample males and females lived in urban areas at the time of the tsunami. This figure was slightly lower among survivors. Table 3 reports estimates from multivariate regression models. Models 1a and 1b estimate mortality at the time of the tsunami. Geographic exposure was the strongest predictor of dying during the tsunami. Individuals in the communities with the highest exposure had 19% and 29% higher probabilities of dying among males and females, respectively, relative to those living in more inland or higher elevation communities. The corresponding figures for individuals in communities with medium exposure levels were 3% and 9%. Education, urban residence, and household expenditures were not significant predictors of mortality at the time of the tsunami.
Multivariate Regression Analyses
Nor was marital status for females, but married males had lower significantly mortality at the time of the tsunami.
[ Table 3 about here]
We turn next to the question of whether these same predictors mattered for mortality among tsunami survivors over the first 5 years after the disaster (Models 2a and 2b). Male survivors who were living in high and medium risk communities at the time of the tsunami had significantly lower (about 3% lower) mortality after the tsunami relative to those who had been living in low risk communities. Geographic exposure was unrelated to mortality among female survivors. Among survivors, urban residence was significantly associated with elevated mortality for both males and females. Among female survivors, those with more education had a significant survival advantage relative to those with no education. Marital status, household expenditures, and, among males, education were not significant predictors of mortality among survivors.
Finally, we assessed whether exposures experienced during the tsunami and conditions related to community resilience and recovery mattered for mortality in the first 5 years after the tsunami (Models 3a and 3b) . The addition of these measures does not affect the parameter estimates for the variables that were significant predictors of mortality in Model 2.
Strikingly, none of the measures of exposure to traumatic events at the time of the tsunami was significantly associated with subsequent mortality among male survivors. Among female survivors, however, those who had lost friends, neighbors, or other family in the tsunami had significantly lower mortality relative to those who had not experienced such losses, and female survivors who had been displaced had significantly higher mortality relative to those who had not been displaced. Experiencing traumatic events during the tsunami was negatively but not significantly associated with mortality for either males or females. Losing a spouse; losing a parent, sibling or child; or losing housing in the tsunami were not significant predictors of subsequent mortality among survivors.
The two measures of community recovery in the aftermath of the tsunami were significantly associated with mortality for male but not female survivors. The strength of community institutions following the tsunami was associated with significantly lower mortality among male survivors. Male survivors living in communities where construction had become an important industry by 2005 had significantly lower mortality relative to those who were not living in such communities.
DISCUSSION
In this study, we examined the levels and predictors of adult mortality at the time of and, for survivors, in the first 5 years after the Indian Ocean tsunami. Mortality at the time of the tsunami exhibited very distinctive patterns by age and sex, with a much flatter age gradient and dramatically higher mortality rates among females than males than is typical of non-disaster environments. 7 Among survivors, however, mortality in the first 5 years following the tsunami returned to age and gender patterns that were approximately normal for Indonesia.
Community-level geographic exposure was the strongest determinant of mortality at the time of the tsunami. Males and females living in high and medium exposure areas had significantly higher mortality during the tsunami compared to those living in low exposure areas.
The patterns are markedly different for survival after the tsunami. Among this group, males living in areas of high and medium exposure at the time of the tsunami had significantly lower mortality in the first 5 years after the tsunami than did those living in low risk areas. A likely explanation for this reversal is a "survival of the fittest" phenomenon whereby the most robust individuals were the ones to survive the immediate impact of the tsunami and, in the aftermath of the tsunami, exhibit lower mortality. Previous studies found that survival during the tsunami was likely related to differences in physical strength and swimming ability. 7, 19 Most other baseline characteristics were not predictive of mortality at the time of the tsunami.
Among survivors, we found little evidence of increased mortality related to extreme experiences during the tsunami, housing destruction, or deaths of close kin. The one feature of the tsunami's "instantaneous impacts" that emerged as a predictor of subsequent mortality in the five years after the tsunami was that among women, women who lost friends, neighbors, or more distant family were at a survival advantage compared to those who did not. This finding suggests a role for selection consistent with females' elevated mortality rates during the tsunami: females who survived when their family, friends, and neighbors did not may be especially healthy.
Two features of our results stand out. First, for both men and women some evidence is consistent with the hypothesis that the individuals who survived exposure to extreme conditions were particularly healthy and thus at lower risk of death in the years after the tsunami. At the same time, though, experiences likely to have been grueling and emotionally traumatic do not appear to have "broken down" survivors in ways that elevated subsequent risks. It is possible that factors that in theory should increase or decrease mortality among the survivors balance each other out.
It is also possible that mortality in the five years after the disaster is too blunt a measure to pick up influences of disaster exposure on the evolution of health status. One study comparing groups of exposed and unexposed individuals in the 2001 World Trade Center disaster 20 did not find excess overall mortality compared to New York City rates, while another study of the 1980 earthquake in southern Italy 21 documented short-term increases in three coronary heart disease risk factors among exposed survivors in the first two weeks after the earthquake but no long-term differences at the 7-year follow-up.
Turning to features that characterize individuals' experiences in the months after the tsunami, mortality was significantly higher among female survivors who had been displaced during the tsunami. A large literature exists on the negative impacts of displacement including the disruption and breakdown of kinship, community, and social support systems; limited access to health care; increased vulnerability and poverty; and exposure to poor health and hygienic conditions in camps or temporary settlements. 16, 22 Women displaced as a result of natural disasters are regarded as a particularly vulnerable group due to exposure to gender-based violence, lack of sexual and reproductive health services, and women's less advantaged social and economic position.
Although displacement does not affect subsequent mortality of males, factors related to community recovery were important predictors of mortality among male survivors. Males who lived in areas with strong community institutions and where construction became an important industry within the year following the tsunami had significantly lower mortality. In the aftermath of the tsunami, communities that were able to come together and rebuild may have provided an environment that buffered individuals from negative health impacts. A multibillion dollar reconstruction effort involving construction of 140,000 new homes, nearly 3,000 schools, health facilities, and government buildings, and 3,700 kilometers of roads took place in Aceh following the tsunami. 23 These projects created job opportunities and may have improved economic livelihoods and access to health care and other facilities for individuals living in areas that experienced construction booms.
Two baseline characteristics were predictive of mortality among survivors: urban residence and, among females, education. The finding that female survivors with higher education had lower mortality relative to those with no education is consistent with previous studies on disaster recovery. 1, 24 Mortality was significantly higher among urban than rural survivors, particularly among urban males. This is surprising given the greater average wealth and health care access of urban dwellers, but perhaps reflects traffic fatalities and exposure to other accidents, work-related stressors, or isolation.
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Limitations
The data we use is extremely unusual and provides a window into an important question given projections of continuing rises in the frequency and intensity of weather-related disasters and in population densities. Nevertheless sample size hampers our ability to detect significant effects of less common exposures on mortality and to fully characterize risk factors for subgroups (such as for those in urban areas). In addition, if mortality effects of these exposures work through increases in chronic diseases, it may take a longer period for the implications to emerge.
Respondents' vital status were determined from reports of informed household members, friends, or neighbors. It is unlikely that someone who is actually alive was reported as dead, and the fifth wave of STAR involved an intensive effort to track respondents. Roughly 95% of survivors have been interviewed at least once since the tsunami. While death certificate data including cause of death would be optimal, mortality data from other sources is not available as Indonesia's vital registration system is considered to be of low-quality, incomplete, and with very low coverage.
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Conclusion
To the best of our knowledge, this is the first large-scale study of mortality among adult survivors of a natural disaster based on a representative sample of the predisaster population and including baseline information prior to the disaster. The risk of dying at the time of the tsunami was strongly differentiated by geographic exposure and gender, and to a lesser extent by age. In the first 5 years after the tsunami, mortality was strongly patterned by age, gender, and urban/rural residence. We found evidence suggestive of selection effects among male survivors living in high-and medium-risk areas at the time of the tsunami and female survivors who lost friends, neighbors, or other family during the tsunami. Displacement was associated with elevated mortality risks among female survivors. Measures of community recovery and resilience were important predictors of mortality among male survivors, with strong community institutions and the importance of the construction industry being protective. Our findings contribute to research on the longer-run mortality impacts of natural disasters and provide insight into how traumatic events experienced at the time of the disaster and measures related to resilience, coping, and recovery in the aftermath of the tsunami influence mortality among survivors. Note. N pre-tsunami=6,687 (of the 6,850 individuals aged 35+ in the pre-tsunami baseline, 101 died before the tsunami and 62 were lost to follow up); N posttsunami=5,640 individuals who survived to the first follow up survey and were followed over the next five years (4.8% of survivors were not interviewed in the first post-tsunami follow up). The sample is stratified by the level of geographic risk associated with the pre-tsunami community of residence, defined by a community's elevation, proximity to the coastline, and tsunami wave height at the closest coast point (N=105 high, 82 medium, and 147 low risk communities a Refers to whether the respondent was swept away in the water, sustained injuries, or saw friends or family members struggle or disappear in the water during the tsunami. b Refers to whether construction was one of the top 3 industries in the community after the tsunami. c Refers to whether community institutions improved after the tsunami (scale=1-26, with higher scores being more favorable). 
